Data collected at centre-of-mass energies from 189 GeV to 202 GeV by the ALEPH detector at LEP, corresponding to an integrated luminosity of 411 pb −1 , are analysed in a search for the scalar top in the decay channelst → c/u χ for small mass differences between the stop and the lightest neutralino. No evidence for deviations from the Standard Model expectation is found and a lower limit of 59 GeV/c 2 is set for the stop mass, independent of the stop to neutralino mass difference and of the stop lifetime.
Introduction
In the Minimal Supersymmetric extension of the Standard Model (MSSM), each chirality state of the Standard Model fermions has a scalar supersymmetric partner. The partnerst R and t L of the right and left-handed states of the top quark are weak interaction eigenstates which mix to form mass eigenstates. The mixing angle θt is defined such that the lighter of the mass eigenstates, the stop, is given byt =t L cos θt +t R sin θt. Since the off-diagonal terms of the mixing matrix are proportional to the mass of the Standard Model partner, the stop could well be the lightest scalar quark, and even the lightest supersymmetric charged particle [1] , hence the interest in searches for stop pair-production in e + e − collisions at LEP energies [2] .
In this letter, it is assumed that all supersymmetric particles except the lightest neutralino χ are heavier than the stop, and that R-parity is conserved. It is furthermore assumed that there is no source of flavour changing neutral currents in the MSSM in addition to those already present in the Standard Model. Under those assumptions, the dominant stop decay mode is t → cχ, if kinematically allowed. This process is mediated only by loop diagrams, with a width which can be parametrized as [3] Γt →cχ = (0. This decay width depends on the mass difference ∆m between the stop and the neutralino, and on the masses and field content of the particles involved in the loops. For low enough ∆m values, the stop lifetime becomes sizeable, and has to be taken into account in the searches for stop production. If ∆m is so small that thet → cχ channel is kinematically closed, the dominant decay mode becomest → uχ, and the stop can then be considered as stable for practical purposes. The stop decay length as a function of mt and ∆m is shown in Fig. 1 in the case of pair production in e + e − collisions at √ s = 189 GeV. (For the purpose of this figure, θt = 56
• , µ = −100 GeV and tan β = 1.5 have been assumed, where µ is the supersymmetric Higgs mass term, and tan β is the ratio of the vacuum expectation values of the two Higgs doublets.)
The searches for a scalar top performed up to now by ALEPH [4, 5, 6, 7] are valid under the assumption of a negligible stop lifetime. This assumption is justified for ∆m > ∼ 6 GeV/c 2 , in which case a stop mass lower limit of 87 GeV/c 2 has been obtained [7] . In this letter, smaller stop to neutralino mass differences are specifically addressed, with the effects of the finite stop lifetime explicitly taken into account. Dedicated topological selections have been designed to cope with the peculiar phenomenology of the very small ∆m regime. Together with the already existing selections, they were applied to the data collected at centre-of-mass energies ranging from 189 to 202 GeV, corresponding to a total integrated luminosity of 411 pb −1 . As a result, a stop mass lower limit is obtained, independent of the stop to neutralino mass difference and of the stop lifetime. 
The ALEPH detector
A detailed description of the ALEPH detector is given in Ref. [8] , and an account of its performance as well as a description of the reconstruction algorithms can be found in Ref. [9] . Only a brief description of the detector components and algorithms relevant for this analysis is given here.
The trajectories of charged particles are measured by a silicon vertex detector (VDET), a cylindrical multi-wire drift chamber (ITC) and a large time projection chamber (TPC). These detectors are immersed in an axial magnetic field of 1.5 T provided by a superconducting solenoidal coil, and the transverse momentum resolution achieved is σ(p T )/p T = 0.0006 p T ⊕ 0.005 (p T in GeV/c). The TPC also provides up to 359 measurements (338 from wires and 21 from pads) of the ionization energy loss allowing electrons to be separated by more than 3σ from the other particle species up to momenta of ∼ 8 GeV/c. The TPC is surrounded by the electromagnetic calorimeter (ECAL), which measures the energy of electrons and photons with a resolution σ(E)/E = 0.18/ √ E + 0.009 (E in GeV). The arrival time of the signals are also measured by the ECAL with a resolution of ∼ 20 ns, thus allowing signals associated with a bunch crossing to be discriminated from signals induced, e.g., by cosmic rays. The return yoke of the magnet, instrumented with streamer tubes, forms the hadron calorimeter (HCAL) which provides a measurement of the energy of charged and neutral hadrons with a resolution
The HCAL is surrounded by two double layers of streamer tubes, the muon chambers. Luminosity monitors (LCAL and SICAL) extend the calorimetric coverage down to a polar angle of 34 mrad. The ALEPH triggers relevant for this analysis are based on the total energy deposit in ECAL or on the coincidence between a track candidate in the ITC and an energy deposit in the calorimeter modules to which the track is pointing.
Using the energy flow algorithm described in Ref. [9] , the measurements of the tracking detectors and of the calorimeters are combined into "objects" classified as charged particles, photons, and neutral hadrons. The energy resolution achieved with this algorithm is (0.6 √ E + 0.6) GeV (E in GeV). Electrons are identified by comparing the energy deposit in ECAL to the momentum measured in the tracking system and by using the shower profile in the electromagnetic calorimeter and the measurement of the specific ionization energy loss in the TPC. The identification of muons makes use of the hit pattern in HCAL and of the muon chambers.
Monte Carlo simulation
Since the simulation of the hadronization of stop quarks and of the detector response to long lived stop-hadrons is not available in the standard Monte Carlo programs, a dedicated event generator and a detector simulation program have been developed for the present analysis.
The event generator is a modified version of the one described in Ref. [4] . Since the stop lifetime is larger than the typical hadronization time, colourless stop-hadrons T are formed. This has been incorporated in the generator by applying to stop quarks the standard Lund string fragmentation scheme as implemented in JETSET 7.4 [10] . A Peterson fragmentation function [11] is used, with a stop fragmentation parameter t scaled from the b-fragmentation parameter according to the relation t = b (m b /mt) 2 . (A value of 0.0035 has been taken for b [12] .) The stop hadrons subsequently decay according to a spectator model. The effective spectator mass M eff , which regulates the mass of the stop-hadrons, is set to 500 MeV/c 2 . The resulting stop-hadron mass is found to be typically 300 MeV/c 2 greater than the stop quark mass. Since a reliable prediction of the mass spectrum of the stop-hadrons and of their excited states is not available, all stop-hadrons are assumed to be equal in mass, with an absolute value of the electric charge ≤ 1. Under these assumptions, double neutral
final states are possible. If a final T T system with non zero total electric charge is produced, charge conservation is ensured by the fragmentation particles. The relative composition of final state stop hadron charge configurations is shown in Fig. 2 as a function of the stop mass for a centre-of-mass energy of 200 GeV. Since the energy available to produce fragmentation particles is smaller at higher masses, the fraction of T T with non zero total charge decreases in that mass region.
A major issue of the simulation is the treatment of the interaction of stop-hadrons in the detector. The electromagnetic interaction is simulated by treating a stop-hadron as a heavy pion. The simulation of the strong interaction is based on the following considerations. In the scattering of a stop-hadron T of energy E T with a nucleon N at rest, the available centre-of-mass energy E cm is given by E Relative Composition T + N → T + N + X, with a Q-value, which is the maximum energy available for the system
Since the centre-of mass energy E cm is typically close to M T , only a Q-value of a few hundred MeV is available. For example, for M T = 50 GeV/c 2 and E T = 90 GeV the resulting Q-value is ∼ 800 MeV. Therefore, only a few pions may be produced in an inelastic collision, and the stop-hadron behaves in its passage through matter basically like a pion with the corresponding kinetic energy. The routines for the simulation of the stop-hadron strong interaction have thus been derived from the corresponding ones for pions in the GHEISHA [13] hadronic shower simulation package, but with all energy based quantities rescaled to the kinetic energy of the T hadron, and with the low energy pion nucleon resonances removed.
In order to design the selection criteria, about 500 signal Monte Carlo samples of 1000 events each were generated for various (mt, m χ ) combinations, stop lifetimes and centre-of-mass energies, and with a value of 56
• for θt. To simulate the relevant Standard Model background processes, several Monte Carlo generators have been used: BHWIDE [14] for Bhabha scattering, KORALZ [15] for µ + µ − and τ + τ − production, PHOT02 [16] for γγ interactions, KORALW [17] for WW production, and PYTHIA [10] for all other processes. The size of the simulated samples typically corresponds to ten times the integrated luminosity of the data. All background and signal samples were processed through the full detector simulation.
Analysis
The data sets analysed consist of 173.6 pb −1 at 188.6 GeV collected in 1998, and 28. The signal final state topology depends strongly on thet decay length λt. Three different selections have therefore been used, each designed to cope with a specific λt range. The already existing search for acoplanar jets [4, 5, 6, 7] covers the case of very small lifetimes, while new searches for heavy stable charged hadrons and for tracks with a large impact parameter were specifically designed to address the very large and intermediate lifetime ranges, respectively.
The positions of the most important cuts were determined according to the N 95 prescription [18] , i.e., by minimization of the 95% C.L. cross section upper limit expected in the absence of a signal.
Small lifetimes
If the stop lifetime is negligible, the signature is the one covered by the "low-∆m" acoplanar jet selection detailed in Ref.
[4] and updated up to √ s = 202 GeV in Refs. [5, 6, 7] . The efficiency of that selection as a function of λt is shown in Fig. 3 for mt = 60 GeV/c 2 and ∆m = 4 GeV/c 2 . Five candidate events were selected in the data, in agreement with the Standard Model background expectation of 3.7 events.
Intermediate lifetimes
The intermediate lifetime selection addresses the case of stop-hadrons decaying well within the tracking volume, but at a significant distance from the interaction vertex. It is based essentially on the tagging of tracks with a large impact parameter, originating from the stop-hadron decay. Since ∆m is small, the heavy neutralino carries away most of the available energy, and the events are therefore characterized by only a few soft charged particle tracks: those from the decay of the charmed hadron formed in the c quark hadronization, and fragmentation tracks from the primary vertex.
Only charged particle tracks with momentum larger than 1 GeV/c are considered. They are divided into two categories:
• PV-tracks coming from the primary vertex, such that | cos θ| < 0.95, |d 0 | < 0.5 cm, |z 0 | < 3 cm, and with at least four TPC hits,
• IP-tracks with a significant impact parameter, such that |d 0 | > 0.5 cm or |z 0 | > 3 cm, where d 0 and z 0 are the transverse and longitudinal track impact parameters, respectively.
At least one IP-track is required. In the following, the quantities pertaining to the highest and second highest energy PV-tracks (IP-tracks) are referred to with the suffixes PV i (IP i ), with i = 1, 2, respectively. Cosmic muons crossing the detector volume are a major source of charged tracks not originating from the primary vertex. Most of them are rejected by requiring that the ECAL signals be compatible with the beam crossing time within 100 ns. Since cosmic rays are normally reconstructed as two different but collinear tracks, an event is rejected if it contains two IPtracks such that | cos θ
• .
In Standard Model processes, tracks with large impact parameters can be produced by multiple scattering or nuclear interaction of a primary particle, or by a photon conversion. Because of its huge cross section, γγ scattering is the main potential source for this kind of background. The following cuts are designed to reject events from γγ interactions, characterized by their small visible energy and by their boost along the beam direction: the visible energy is required to be greater than 2% √ s; the momenta of the leading and next to leading PV-tracks, if present, are required to exceed 11% √ s; the polar angle of the missing momentum vector must exceed 53
• ; no energy must be detected within 12
• of the beam axis; the polar angle θ IP 1 must be greater than 53
• , and similarly for θ PV 1 if there is at least one PV-track.
The large amount of energy carried away by the undetected neutralinos can be a priori exploited with a cut on the event visible energy. If however a stop-hadron is charged and decays at a distance from the primary vertex such that its track is correctly detected and reconstructed, its energy is recorded by the energy flow algorithm, inadequately for the present purpose. The leading or next to leading PV-track is considered a decaying charged stop-hadron candidate if it ends up in a decay vertex or a kink. A corrected visible energy is computed, from which the energy of the decaying charged stop-hadron candidates is excluded, and this corrected visible energy is required to be smaller than 20% √ s.
The signal topology is further selected by requiring 1% √ s < p IP 1 < 8% √ s and 1 cm < |d 0IP 1 | < 100 cm. Finally, the cut p IP 1 + p IP 2 > 4 GeV/c is applied on the sum of the momenta of the two leading IP-tracks, which are expected to originate from charmed hadron decays.
The selection efficiency is shown in Fig. 3 as a function of the decay length for a stop mass of 60 GeV/c 2 and a ∆m of 4 GeV/c 2 . The background is dominated by the γγ →and γγ → τ + τ − processes, and has a total expectation of 0.85 events. No events were selected in the data.
Large lifetimes
When the stop decay length is larger than the detector size, a charged stop-hadron behaves like a heavy stable charged particle. It can be identified using the kinematic characteristics of stop pair-production and the high specific ionization that it is expected to release in the TPC. The selection criteria are similar to the ones used in Ref. [19] . For a given stop mass hypothesis, at least one stop-hadron track candidate must be found, fulfilling the following requirements: both the reconstructed stop-hadron mass, defined as M rec = s/4 − p 2 , and the specific ionization loss must be compatible with their expectation values, with the exact cuts optimized as a function of the stop mass.
The γγ background is eliminated by requiring p T > 0.1 √ s for the stop-hadron track candidate. The charged stop-hadron candidate must deposit less than 25 GeV in ECAL and 10 GeV in HCAL. These cuts are used to reject Bhabha events, the latter being relevant when electrons enter an ECAL insensitive region. Cosmic ray events are rejected by requiring |d 0 | < 0.3 cm and |z 0 | < 5 cm.
The cut on the specific ionization does not discriminate between stop-hadron tracks and muon tracks in the stop-hadron mass region around 60 GeV/c 2 . In the analysis performed for this stop hadron mass hypothesis, a minimum of two stop-hadron track candidates is required, among which the two leading tracks in the event, and additional cuts are applied to reject radiative dimuons. In contrast to such background events, signal events are expected to contain two nearly back-to-back and equal momentum tracks. It is therefore required that the angle between the directions of the two leading tracks be greater than 178
• , and that their momenta be compatible within three standard deviations.
The selection efficiency is shown in Fig. 3 as a function of the decay length for a stop mass of 60 GeV/c 2 . The background is dominated by double radiative dimuon events and has a total expectation of 0.2 events, except in the stop-hadron mass region where the charged stop-hadron ionization loss is similar to the one of a muon. In this mass region a background of 1.0 events is expected. One candidate event was selected in the data at a centre-of-mass energy of 189 GeV,
Systematic uncertainties
The efficiencies of the intermediate and large lifetime selections may be affected by uncertainties regarding the assumptions on the stop hadron physics and by uncertainties related to the detector response. In the case of the low-∆m acoplanar jet selection, the systematic uncertainty on the efficiency has been evaluated following the procedure described in Ref. [4] . The results of the systematic studies are summarized in Table 1 for the three selections.
The systematic effects from the assumptions on the stop hadron physics have been assessed by varying the parameters of the model implemented in the generator. The uncertainties from the stop hadron mass have been evaluated by varying the effective spectator mass M eff , which has been set to 0.5 GeV/c 2 in the analysis, in the range between 0.3 and 1.0 GeV/c 2 . The efficiencies of the intermediate and large lifetime selections have been found to be almost insensitive to this change. The 10% effect found for the low-∆m acoplanar jet selection reflects the variation in the invariant mass available for the hadronic system.
The dependence of the efficiencies on the stop fragmentation has been evaluated by varying the paramater t , thereby changing the energy available for the fragmentation particles. A rather drastic variation of t has been considered, allowing it to be decreased by an order of magnitude. The relative amount of the T T charge configurations depends on the probability to produce fragmentation tracks. Therefore, the variation of t also provides an evaluation of the systematic uncertainty with respect to the T T charge composition. The mean T T charge is found to have a relative maximal change of about 20% for the considered t range. The largest relative change in efficiency, about 12%, has been found for the intermediate lifetime selection.
The amount of initial state radiation in stop pair production depends on the value of the stop coupling to the Z boson, which is controlled by the stop mixing angle. A variation of θt from 56
• to 0 • , i.e., from minimal to maximal coupling, has been applied. For all selections the effect has been found to be small, at the level of 1 to 3%. Detector effects have been studied for the variables used in the analyses. The systematic uncertainties associated with the large lifetime selection cuts based on kinematics have been evaluated using a sample of dimuon events. The performance of the tracking has been checked on a sample selected with criteria independent of those used in the analysis. The performance of the energy loss algorithm has been checked with electrons, muons, and pions, selected by using calorimeter information only. From these studies, a total systematic uncertainty of 3% on the selection efficiency has been estimated.
The impact parameter distribution has been checked on hadronic events collected during the 1999 runs at the Z resonance. The negative part of the distribution (which is not affected by lifetime) shows good agreement with the Monte Carlo expectation.
The beam-related background may affect the E 12 • variable used in the acoplanar jet and intermediate lifetime selections. This background is not included in the event simulation. Its effect on the selection efficiency has been determined from data collected at random beam crossings. The net effect is a relative decrease of the signal efficiency of about 5%. The systematic uncertainty on this correction is negligible.
Finally, an additional uncertainty of 3% due to the limited Monte Carlo statistics has been added. The total systematic uncertainties have been found to be at the level of 11 and 12% for the low-∆m acoplanar jet and for the intermediate lifetime selections, respectively. In both cases they are dominated by the limited knowledge of the stop hadron physics and result from rather extreme changes in the model parameters. The systematic uncertainty for the large lifetime selection is at the level of 6%.
Results
Since no excess of candidate events was observed, lower limits on the stop mass have been set. The systematic uncertainties on the selection efficiencies have been included as suggested in Ref. [20] , and no background subtraction has been performed. The efficiencies and backgrounds have been parametrized as a function of mt, ∆m and of the stop-hadron proper decay length cτt (λt = (pt/mt)cτt) . For each value of mt, ∆m and cτt, all logical combinations of the available selections have been considered, and the best combination was chosen according to the N 95 prescription.
The lower limit on the stop mass is shown in Fig. 4a as a function of log(cτt/cm) for various ∆m values, and in Fig. 4b as a function of ∆m for various log(cτt/cm). The smallest ∆m value considered is 1.6 GeV/c 2 , corresponding to m D − 300 MeV/c 2 , i.e., the kinematic limit for the decayt → cχ for M eff = 500 MeV/c 2 , and with the D-meson mass m D ∼ 1.9 GeV/c 2 . Below that ∆m value, the stop decay mode ist → uχ, and the limit is given by the search for heavy stable stop-hadrons. The absolute mass lower limit obtained is 59 GeV/c 2 . It is reached for ∆m = 1.6 GeV/c 2 and for a cτt value of ∼ 1 cm. In that configuration of parameters, the acoplanar jet and intermediate lifetime selections are combined. The limit on mt does not depend on the choice made for M eff ; only the ∆m value for which it is reached does, through the value of the stop-hadron mass (∆m = m D − (m T − mt)). The stop mass lower limit can be tightened in the MSSM if the theoretical relation [3] between the decay width and ∆m is used. For instance, the 95% C.L. excluded region in the plane (mt, ∆m), obtained for θt = 56
• , µ = −100 GeV and tan β = 1.5, is shown in Fig. 5a . The regions excluded by the single analyses are also shown. In order to set an absolute lower limit on the stop mass, a scan over the relevant MSSM parameters has been performed. The limit as a function of tan β, obtained by scanning over ∆m, µ and θt, is shown in Fig. 5b . The absolute 95% C.L. lower limit on mt is 63 GeV/c 2 . It is set for ∆m = 1.9 GeV/c 2 , tan β = 2.6 , θt = 56
• , and for large negative µ.
Conclusions
Searches for signals from pair production of the scalar top have been performed in the data sample of 411 pb −1 collected in 1998 and 1999 by the ALEPH detector at LEP, at centreof-mass energies from 188.6 to 201.6 GeV. The searches are dedicated to the decay channels t → cχ andt → uχ, in the regime where the mass difference ∆m between the stop and the neutralino is small, and where the stop could have a sizeable lifetime. In all cases, the numbers of candidates observed are found to be consistent with the background expected from Standard Model processes. In the MSSM, and assuming no additional source of flavour changing neutral currents with respect to the Standard Model, a 95% C.L. lower limit of 63 GeV/c 2 is obtained for the stop mass, valid for any value of ∆m. If the MSSM theoretical relation between ∆m and the stop lifetime is ignored, this lower limit becomes 59 GeV/c 2 . • , µ = −100 GeV, and tan β = 1.5, where the hatched area is the region excluded by the optimal combination of the used selections and the lines are the limits from each selection used independently; (b) stop mass 95% C.L. lower limit as a function of tan β, independent of ∆m, µ and θt.
